Clay wall (tsuchikabe in Japanese) material for Japanese traditional buildings is manufactured by fermenting a mixture of clay, sand, and rice straw. The aim of this study was to understand the fermentation process in order to gain insight into the ways waste biomass can be used to produce useful materials. In this study, in addition to Clostridium, we suggested that the family Nectriaceae and the Scutellinia sp. of fungi were important in degrading cell wall materials of rice straw, such as cellulose and/or lignin. The microorganisms in the clay wall material produced sulfur-containing inorganic compounds that may sulfurate minerals in clay particles, and polysaccharides that give viscosity to clay wall material, thus increasing workability for plastering, and possibly giving water-resistance to the dried clay wall.
Clay wall (tsuchikabe in Japanese) material for Japanese traditional buildings is manufactured from a mixture of clay, sand and rice straw that has been incubated in humid conditions. 1) Unlike the manufacture of other wall materials such as cement, brick, and plaster, the mixture is aged for a period of days to months. During this time, the brown clay becomes gray, due to the reduction of ferric oxide (Fe 2 O 3 ) to ferrous oxide (magnetite, Fe 3 O 4 ), 2) and this is a good indicator of maturation.
1) The straw is degraded, leaving rigid parts such as vascular bundles. 3) In addition, possibly due to viscous materials produced from the rice straw, the clay becomes viscous; 1) this increases its workability for plastering 3) and may improve the water resistance of the dried wall by aggregating the clay particles. This maturation process must involve fermentation by microorganisms present in the mixture. Rice straw must be used for the nutrients.
Thus, in this process an eco-friendly useful material, i.e., a building material, is manufactured at low cost by fermenting a mixture of cheap minerals, clay and sand, and waste biomass, rice straw.
The aim of this study was to understand the fermentation process in order to gain insight into the ways waste biomass can be used to produce useful materials. In a previous report, 2) we analyzed the bacteria present in fermented clay wall material by PCR-based cloning of bacterial 16s rRNA genes, and suggested possible roles of Clostridium sp. in the degradation of the cellulose component of the straw and of Geobacter sp. in the reduction of the ferric iron in the clay. In the present study, we analyzed the eukaryotic community and metabolites in the clay wall material.
Materials and Methods
Samples. We used nakanuri-tsuchi, the material used in the second of the three layers of kyokabe (a clay wall produced in Kyoto and one of the most sophisticated clay walls), 1) as our clay wall material. Clay (mined in Okamedani, Kyoto, Japan) was mixed with roughly 50% w/w sand and 2% w/w straw that had been incubated under humid conditions for 2 d, and water was added to prevent dryness. The mixture was statically fermented outside for 3 months (OctoberDecember 2006) for DNA analysis. For metabolite analysis, the mixture was fermented for 2 months (June-August 2009). These fermented clay wall materials were suitable for plastering, as judged by a clay-wall craftsman. The mixtures inside were used as samples for analysis. The water content, determined gravimetrically by drying samples at 80 C for 72 h, was about 25% in the fermented and unfermented samples.
Analysis of the eukaryotic 18S rRNA gene. DNA was extracted from the clay wall material using a PowerSoil DNA kit (MO BIO Laboratories, Carlsbad, CA). The eukaryotic 18s rRNA gene was amplified from the DNA by PCR using three primer sets: primers EukA (5 0 -AACCTGGTTGATCCTGCCAGT-3 0 , corresponding to positions 2-22 in the 18s rRNA gene of Saccharomyces cerevisiae) 4) and EukB (5 0 -TGATCCTTCTGCAGGTTCACCTAC-3 0 , 1,795-1,772); 4) primers 82F (5 0 -GAADCTGYGAAYGGCTC-3 0 , Y ¼ C/T, 82-98) 5) and 1391R (5 0 -GGGCGGTGTGTACAARGR-3 0 , R ¼ A/G, 1391-1374); 6) and primers 360F (5 0 -CGGAGARGGMGCMTGAGA-3 0 , 360-377) 4) and 1492R (5 0 -ACCTTGTTACGRCTT-3 0 , M ¼ A/C, 1,492-1,468).
7) The PCR program was 26 (the EukA/EukB primer set) or 30 cycles (the other two primer sets) of 94 C for 30 s, 50 C for 30 s, and 72 C for 1.75 min. The PCR products were cloned into a plasmid, and the region corresponding to about 0.4-1.0 kb of the gene was sequenced with the 360F primer. DNA sequences were compared to the DNA database by BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi), and were classified on the basis of whether they were placed in a clade of phylum, family, or genus in a phylogenetic tree. The taxonomy was based on NCBI (http://www.ncbi.nlm.nih.gov/sites/entrez?db=taxonomy). The DNA sequences were deposited in the DDBJ/EMBL/GenBank database (accession nos. AB572071-AB572217).
y To whom correspondence should be addressed. Tel: +81-75-724-7791; E-mail: sakito@kit.ac.jp Biosci. Biotechnol. Biochem., 74 (10), [2083] [2084] [2085] [2086] 2010 Analysis of the fungal 5.8S rRNA gene and the two internal transcribed spacers. DNA was extracted as described above. The region (approximately 0.8 kb) between 18S and 26S rRNA genes, containing 5.8S rRNA gene and the two internal transcribed spacers, was amplified from the DNA by PCR, using ITS1 (5 0 -TCCGTAGGT-GAACCTGCGG-3 0 ) 8) and ITS4 (5 0 -TCCTCCGCTTATTGATATGC-3 0 ) 8) primers. The PCR program was 28 cycles of 94 C for 30 s, 60 C for 30 s, and 72 C for 40 s. The PCR products were cloned, and their DNA sequences were analyzed as described above. The ITS1 primer was used for DNA sequencing. The DNA sequences were deposited in the DDBJ/EMBL/GenBank database (accession nos. AB572218-AB572295).
Mass spectrometry of extracellular metabolites. For sample preparation, 200 g wet weight of fermented or unfermented clay wall material was mixed with 200 ml of distilled water, and the mixture was stirred at 300 rpm for 3 h with an overhead stirrer (EYELA NZ-1000, Tokyo Rikakikai, Tokyo, Japan). The supernatant was centrifuged at 18;000 g for 30 min at 4 C. Of the supernatant, 5 ml was then freezedried and solubilized in 0.5 ml of 5% acetonitrile. The solution was centrifuged at 15;000 g for 1 min, and the supernatant was subjected to ultrafiltration (10,000 cut-off). The sample obtained was then separated using a linear gradient elution of 5-100% acetonitrile in 0.1% formic acid by Acquity ultra-performance liquid chromatography (UPLC, Waters, MA) with an Acquity UPLC T3 column (2:1 mm Â 50 mm, Waters). The eluted compounds were detected with an LCT Premier XE electrospray ionization time-of-flight mass spectrometer (Waters).
Analysis of extracellular polysaccharides. Of the solution obtained by stirring a mixture of water and clay wall material and centrifugation, as described above, 25 ml was mixed with 100 ml of ethanol and the mixture was centrifuged at 7;000 g for 5 min to separate polysaccharides from low molecular weight saccharides. The polysaccharides precipitated were dissolved in 0.5 ml of distilled water, and the amounts of neutral and acidic polysaccharides were determined by the phenol-sulfuric-acid 9) and the carbazole-sulfuric-acid 10) methods respectively, and were expressed as sums of the glucose and glucuronic acid equivalents respectively.
Results and Discussion
Analysis of eukaryotic community First, using DNA extracted from unfermented and fermented clay wall material, a 1.8-kb fragment of the 18s rRNA genes was amplified by PCR (Fig. 1) . Only trace amounts of the PCR product were observed in the unfermented sample, but much larger amounts were detected in the fermented sample, indicating that eukaryotes had grown during the fermentation process.
To determine what kinds of eukaryote are involved in the fermentation process, we cloned and sequenced the 18s rRNA genes amplified from the fermented clay wall material. Of 152 clones sequenced, six were suspected to be bacterial or archaeal rRNA genes, and were excluded from further analysis. DNAs of Ascomycota fungi, Cercozoa, and Oomycota were frequently found in the fermented clay wall material (Table 1) . Ascomycota DNA was found most frequently (40% of 146 DNAs), suggesting that it has an important role in the fermentation process.
To determine what kinds of Ascomycota were present in the fermented clay wall material, 5.8S rRNA genes and two internal transcribed spacers were cloned by PCR using a primer set (ITS1 and ITS4) specific for the fungal gene. Of the 79 clones sequenced, one was suspected to be an Alveolata (i.e., not a fungus) gene, and was excluded from further analysis. Most of the 78 DNAs (46%) were classified into family Nectriaceae of Ascomycota (Table 2) . Of the Nectriaceae DNAs, 25% were identified as Nectria sp. The second most frequently found fungus was the Scutellinia sp. of family Pyronemataceae (14%). In addition to Clostridium sp., reported previously, 2) these fungi may have important roles in degrading rigid cell-wall materials of rice straw, such as cellulose and/or lignin. Currently it is not known why these aerobic eukaryotes and anaerobic Clostridium were found in the same sample. The clay wall sample may have been a mixture of aerobic and anaerobic microenvironments. Aerobic microorganisms sometimes are found in samples containing Clostridium (e.g., references 11 and 12).
Metabolome analysis
In general, chemical compounds are produced as results of fermentation by the microbial community, including bacteria and eukaryotes, and some of them are released into the extracellular space. The released compounds might be the reason for the increased quality of fermented clay wall material. We analyzed to determine what kinds of compounds had accumulated in the extracellular space. The extracellular watersoluble fraction was extracted from unfermented and fermented clay wall materials by stirring a mixture of distilled water and the clay wall materials. The supernatant was then subjected to comprehensive analysis of low molecular weight compounds by ultra-performance liquid chromatography coupled to an ionization time-offlight mass spectrometer. The peaks with intensities in the fermented samples > 100 times that of the unfermented samples, or which were detected only in the fermented samples, are shown in Table 3 . Peaks predicting no or multiple compounds were not included. Peak intensities < 500 in the fermented samples were not used due to lower reliability. The full list of detected peaks is provided in Supplemental Table 1 (Biosci. Biotechnol. Biochem. Web site). One interesting feature is that inorganic sulfur-containing compounds (e.g., thiosulfate, trithionate, and tetrathionate) were produced by fermentation. The sulfur might have reacted with the iron or aluminum in the clay particles.
13) The production of sulfur-containing inorganic compounds is similar to the case of ditch or lake sedements (e.g., reference 14) , and in fact the fermented clay wall material had a slight Peaks with intensity in fermented samples > 100 times that of the unfermented samples, or which were detected only in the fermented samples are shown. Peaks predicting no or multiple compounds were not included. Peak intensities < 500 in the fermented samples were not used due to lesser reliability. N, negative; P, positive; nd, not detected sediment odor. In contrast to these increased compounds, several organic acids (fumarate, oxalosuccinate, citrate, etc.) were decreased (Supplemental Table 1 ). They may be from rice and used as a part of nutrients for the microorganisms.
Analysis of polysaccharides
One possible group of molecules giving viscosity to clay wall materials is polysaccharides, which can be produced by microorganisms. To examine this possibility, the amounts of polysaccharides in the extracellular water-soluble fraction were determined. Neutral and acidic polysaccharides were 3.0 times higher in amount in the fermented sample than in the unfermented samples (Fig. 2) . The increased polysaccharides were likely secreted products of the microorganisms. It is also possible that they were degradation products of rice cell walls, released and solubilized by microbial fermentation.
In conclusion, microorganisms, including bacteria and eukaryotes, form an ecosystem that use rice straw as a primary nutrient and produce various compounds in clay wall material. The fermentation products, such as polysaccharides, are suggested to increase the quality of clay wall material. 
